We have developed a fast two-dimensional residual circulation stratospheric model. In order to calculate possible effects of long-term changes for trace gases for a large number of scenarios and to examine the model sensitivities to dynamical and photochemical assumptions and inputs, the model is designed to minimize computer requirements. The species continuity equations are solved using process splitting, that is, by successively applying the operators associated with advective changes with photochemical and diffusive forcing. The first study undertaken with this model concerns family chemistry approximations, in which groups of species are related by photochemical equilibrium assumptions and transported as one species. 
INTRODUCTION
It has long been recognized that photochemical equilibrium relationships control the concentrations of some of the trace species that are important in stratospheric photochemistry [e.g., Nicolet, 1965; Crutzen, 1971] . Such species are identified as a family because the reactions by which family members are interchanged are rapid compared to the reactions that result in a net change in family concentration. In a model the family is transported and acted on by the net photochemical source, and the individual species are calculated from the equilibrium relationships. There are significant practical gains to be had from these assumptions, including reduction in the number of species for which the continuity equations must be solved, an increase in the photochemical time scale, and elimination of a diurnal cycle for the transported family, even if the individual members exhibit diurnal variations. Results from family approximation calculations have been found to agree with results from separate species calculations in one-dimensional middlelatitude models [e.g., Solomon, 1981; Cicerone et al., 1983] . Furthermore, the diffusion term used to represent transport by nonzonal processes may be a better description of family transport than individual member transport. The constituent species were larger than for longer-lived families.
Although these approximations are used in many twodimensional models [World Meteorological Organization (WMO), 1981], the photochemical lifetime in the lower stratosphere during high-latitude winter becomes long for species such as HNO3. In these situations family approximations fail, and although the total family concentration may be calculated correctly, the partitioning among the species may be in error.
In order to perform sensitivity studies to dynamical and photochemical inputs and assumptions that are required in developing two-dimensional models, we have developed a fast two-dimensional residual circulation stratospheric model. In this model the species continuity equations are solved using process splitting to combine advective changes with photochemical and diffusive forcing. Using a 1-day time step, 1 year of model integration is completed in less than 30 min, using a Floating Point Systems 164, which is attached to a VAX 11/780. This model has been used in sensitivity studies. In a companion paper [Jackman et al., this issue] we consider the sensitivity of calculated total ozone to dynamical inputs. In this paper we examine the use of family approximations for the odd nitrogen family. Calculations of species concentrations for the present atmosphere and for the atmosphere resulting from a standard perturbation scenario are compared for the baseline family transport model (FTM) and for a separate transport model (STM). In the FTM, NOy --N + NO + NO 2 4-NO 3 4-HNO3 + C1ONO2 + 2 N205 + HO2NO 2 is transported as a family, and in the STM, NO,c = N + NO + NO 2 + NO 3 is transported as a family, and HNO3, N20 5, CIONO 2 and HO2NO 2 are trans- (N20, CH4, H2, CFC13, CF2C12, CH3C1, CC14,  CH3CC13) and minor species, which are produced photochemically but are subject to transport effects (CO, CH3OOH ). The odd hydrogen species (H, OH, HO 2, H20 2) and hydrocarbons (CH3, CH30, CH30 2, CH20, CHO) are calculated using photochemical equilibrium assumptions. Lower boundary conditions for the transported species are given in Table 1 . The upper boundary for all transported species is zero flux. We have included odd nitrogen sources from galactic cosmic rays [Jackman et al., 1987] , and the H2 lightning source of Ko et al. [1986] .
Photolysis and Chemical Reaction Rate

Constant Data
Reaction rate constants are updated monthly when the temperature changes. Binary rate constants, given in Table  2 , and tertiary rate constants, given in Dopplick [1974 Dopplick [ , 1979 . From 100-0.23 mbar (the top of the model), the heating rates are taken from Rosenfield et al. [1987] . The zonally averaged meridional wind 0 is calculated from the zonally averaged vertical wind field ,r:, so that a constant tracer field is unchanged when acted on by the nondispersive transport scheme outlined by Prather [1986] . The daytime ratios N/NO and NO/NO2 are formulated simply, using the production and loss reactions 
Expressions analogous to the NO/NO2 ratio are derived for ratios such as HNO3/NO2 and HO2NO2/NO2. The ratios N2Os/NO 2 and C1ONO2/NO 2 are formed accounting for their diurnal cycles, as described previously. After calculating the updated value of NOy by solving the species continuity equations, the individual species concentrations are calculated using these ratios.
Solution of the Species Continuity Equation
The 
where P is the production, L is the loss frequency, and X is the species concentration. For species in which the loss process is not linear, the photochemical loss is represented by a Taylor series expansion, 
The model time step is usually 1 day; however, for some wind fields this time step may exceed the Courant limit (that is, the distance moved is greater than the grid spacing), especially near the tropopause. In this situation the advective time step is reduced to 0.5 or 0.25 day, as necessary. The advective scheme is applied successively to calculate the result of 1 day's advection; this result is then used in (12) with a 1-day photochemical and diffusive time step. An advantage of this solution scheme is that for species near photochemical equilibrium, when P and LX in (11) are large compared to the advective and diffusive terms and are nearly equal to each other, the solution given by (12) reduces to X': P/L, the photochemical equilibrium limit. The Prather 
P(HNO3)NO•-kOH,NO,M[OH][NO2][M] (14) L(HNO3)NO,-JHNO• + kHNO•,oH[OH] (15)
For production P (loss frequency L) the species in parentheses is the species being produced (lost) by reactions involving the loss (production) of the family or species that is the subscript. For N2Os and C1ONO2, nighttime production is calculated by integrating (1) and (2 
IX] TM =f[X] a + (1 -f)[X] '•= [X]a[f+ (1 -f)A] (16)
where f is the fraction of day and A is the ratio of the nighttime to daytime average concentration. This ratio, considered to be 1 for 24-hour night, is calculated daily from a detailed consideration of the diurnal cycles of N205 and C1ONO2, as described previously.
Because the total NOy should be the same for both tropospheric OH. The model total ozone is sensitive to the circulation in the lower stratosphere and upper troposphere; the ozone distribution and the distribution of ozone changes are sensitive to the diffusion coefficients [Jackman et al., this issue]. The residual circulation and K,,y used in this model are calculated to be consistent with each other and produce distributions of total 03, N20, and CH 4 that are in good agreement with available data for the current atmosphere. These may change not only through feedback processes (heating rate changes produced by ozone changes), but also as a result of changes in the tropospheric forcing. The differences in response of the STM and FTM for a standard perturbation of chlorine, nitrous oxide, and methane is within the accuracy range implied by these sensitivities. For assessment calculations, particularly studies of many multiyear scenarios that place large demands on computer resources, and for studies concerning sensitivity to dynamical assumptions and inputs, to photochemical input data, and to tropospheric trace gas behavior, family approximations are adequate. For detailed comparisons of odd nitrogen species with data, separate transport of species such as HNO3, N20 s, and C1ONO2 is necessary. Because both column and profile measurements of HNO_• are available throughout the year and because there are substantial differences in the values of HNO3 produced by the FTM and STM (Figure 3) , subsequent investigations of the atmosphere using this model will include HNO3 as a separately transported species.
There is agreement between NO,, distributions for the FTM and STM, indicating no differences in the net production and loss of NO,.. This supports the model assumption of the FTM that photochemical forcing terms can be approximated, using previous time step species concentrations.
